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neurons and dopaminergic
neurons during the course of CS-
US association. However, data
from three independent labs do
not support the importance of this
proposed circuit. Mushroom body
output is dispensable during
acquisition and storage but is
required for memory retrieval
[12–14] whereas dopaminergic
neuron output is required during
acquisition [3].
If dopaminergic neurons predict
punishment, do octopaminergic
neurons predict reward? A
tantalizing glimpse comes from a
classic electrophysiological study
in the honeybee [15]. The VUMmx1
neuron is octopaminergic and
responds robustly to sugar
reward. Following training
VUMmx1 responds to the CS+
odor with a prolonged excitation
similar to that seen for
dopaminergic neurons by
Reimensperger et al. [1]. However,
to date the existence of VUM-like
neurons has not been reported in
Drosophila.
The data of Reimensperger et al.
[1] suggest dopaminergic neurons,
like projection neurons [9] and
DPM neurons [4,10], have traces
of memory. These data suggest
that memory is more distributed
across the fly brain than just within
the mushroom bodies. However,
although functional imaging allows
us the enviable luxury of watching
events in the fly brain during
conditioning, parallel
interventionist approaches and
behavioral analyses are essential
for us to work out which of these
observed phenomena are critical
for memory [4,10,16]. This might
be particularly important for
dopamine whose pleiotropic
influence extends to such complex
phenomena as arousal [17,18].
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Carbon dioxide levels are used by two fungal pathogens as a key
signal to choose between the expression of environmental or virulence
traits. Studies now reveal that the atypical fungal adenylyl cyclases are
implicated in this decision.Aaron P. Mitchell
Among the most important
environmental molecules for all
organisms is carbon dioxide
(CO2). It serves basic metabolic
functions as both a building block
and a waste product, and thus
plays a central role in the carboncycle. CO2 is not a major
component of the atmosphere,
comprising only 0.0365%, but its
levels are substantially higher in
our bloodstream and tissues,
where as an end-product of
respiration it is found at levels of
roughly 5%. Two reports
published in this issue of CurrentBiology [1,2] show how this
difference in CO2 levels is sensed
by opportunistic fungal pathogens
to choose between the expression
of virulence traits and
environmental subsistence traits
(Figure 1).
Bahn et al. [1] focus on
Cryptococcus neoformans [3], a
basidiomycete that is only
distantly related to the popular
model fungi Saccharomyces
cerevisiae and
Schizosaccharomyces pombe. C.
neoformans lives in pigeon guano
in the environment and is seldom
a pathogen for individuals with an
intact immune system. However, it
causes lethal meningitis in AIDS
Dispatch    
R935patients. It is closely related to C.
gattii, an inhabitant of eucalyptus
tree bark that recently caused an
outbreak of human and animal
infections on Vancouver Island [4].
The infectious particle of these
organisms is thought to be a
spore, produced after mating,
which is inhaled into lung alveoli
and transported by macrophages
to deep tissue sites. Among the
most important virulence traits is
the production of a huge
polysaccharide capsule, which
functions in immunomodulation.
It has long been known that
CO2 levels have a major effect on
C. neoformans virulence traits, as
high CO2 levels induce the
production of the capsule. Bahn
et al. [1] now report the intriguing
observation that high CO2 levels
inhibit a key environmental
subsistence trait — the ability to
mate and sporulate. This
observation highlights the
question of how high CO2 levels
are sensed, and whether there is a
single CO2-responsive switch that
determines which set of traits will
be expressed.
The answer begins with a fact
well known to students of
introductory biochemistry: CO2 is
biologically active in its hydrated
form, bicarbonate. Spontaneous
conversion of CO2 to bicarbonate
occurs very slowly, so most
organisms express the enzyme
carbonic anhydrase, which
accelerates the reaction
10 million-fold. C. neoformans is
no exception: Bahn et al. [1]
identify two carbonic anhydrase
genes, CAN1 and CAN2, of which
CAN2 is expressed at much
higher levels. Both gene products
have activity, as demonstrated by
heterologous complementation.
However, Can2 has the major
functional role in vivo, since a
can2 mutant can grow well only in
the presence of high CO2 levels. It
also grows in atmospheric CO2,
albeit poorly, if supplemented with
fatty acids, a major end-product
of bicarbonate utilization.
Interestingly, the can2 mutant is
able to mate even in the presence
of high CO2 levels. This finding
argues that bicarbonate is the key
molecule that inhibits mating. The
can2 mutant therefore obtains
sufficient spontaneously formedFigure 1. Environmental
CO2 levels govern the
decision between
expression of virulence
traits or environmental
subsistence traits in the
fungal pathogens C.
neoformans and C.
albicans.
High CO2 is found during
growth in the host and is
converted into bicarbonate
(HCO3–) through the action
of carbonic anhydrase,
leading to elaboration of
virulence traits. The
expression of these traits
is dependent upon adeny-
lyl cyclase. The fungal variety of this enzyme is shown to be a novel example of an
adenylyl cyclase that is activated both by G proteins and by bicarbonate. High CO2
levels also inhibit an environmental subsistence trait – mating – through conversion to
bicarbonate, but here the relevant sensor remains to be discovered.
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Current Biologybicarbonate for growth, but not
for mating inhibition, under high
CO2 conditions. Indeed, this idea
is supported by the demonstration
that high CO2 levels inhibit mating
pheromone gene expression in
the wild-type but not in the can2
strain. A functional assay
underscores the significance of
this transcriptional response, in
that a mutation (hog1) that causes
elevated mating factor production
also permits mating under high
CO2 conditions.
Although mating is insensitive
to CO2-mediated inhibition in the
can2 background, Bahn et al. [1]
observe that spore formation is
impaired. One simple possibility is
that CO2 can inhibit spore
formation independently of
conversion to bicarbonate.
However, a second intriguing
possibility echoes two studies of
meiotic sporulation in S.
cerevisiae. First, Yamashita and
colleagues [5] purified a meiosis-
and sporulation-promoting
molecule that they showed to be
bicarbonate. Second, pioneering
studies by Matsumoto and
colleagues [6] showed that
adenylyl cyclase has a positive
role in spore formation. One might
extrapolate from these findings
that bicarbonate and adenylyl
cyclase together stimulate spore
formation in both S. cerevisiae
and C. neoformans. The
relationship between bicarbonate
and adenylyl cyclase is
strengthened substantially by a
study from Klengel et al. [2], also
published in this issue.Klengel et al. [2] focus primarily
on Candida albicans, the most
common invasive fungal pathogen
[7,8]. C. albicans, an ascomycete
separated by about 800 mya from
S. cerevisiae [9], is a benign
inhabitant of the gastrointestinal
and genito-urinary tracts most of
the time. However, it can infect
sites ranging from the skin and
the oral and vaginal mucosa to
deep tissues if host or
environmental factors are
permissive. Numerous traits that
contribute to virulence have been
documented for C. albicans, and
among the most prominent is its
ability to form cylindrical cells in
long tubular arrays called hyphae
[8]. Hyphae are readily identified
at sites of infection, and have a
variety of specific properties
linked to virulence, including
adherence, secretion of
hydrolases, and the ability to
rupture host cells following their
phagocytosis.
Klengel et al. [2] report that the
physiological level of CO2 is a
powerful inducer of hyphal
growth, as revealed by tests of a
large collection of clinical isolates.
Interestingly, this response is not
found among many related fungal
species that are less frequent
pathogens. Carbonic anhydrase,
encoded by the single NCE103
gene, is required for growth and
pathogenicity in a low CO2
environment, but is dispensable
for infection in bloodstream, lung,
and vaginal models in which
bicarbonate levels are apparently
high.
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investigate the identity of the
bicarbonate sensor that governs
C. albicans responses. There are
three points that affect their
thinking. First, in C. albicans,
adenylyl cyclase is required for
formation of hyphae, and they
verify that CO2 cannot induce
hyphae in a C. albicans adenylyl-
cyclase-defective mutant [10].
Second, in C. neoformans,
adenylyl cyclase is required for
the formation of the capsule,
another CO2-inducible virulence
trait [11]. Finally, it has been
discovered quite recently that
adenylyl cyclases of both
mammals and bacteria can be
stimulated directly by
bicarbonate [12]. 
The extension of this idea to
fungal adenylyl cyclases seems
straightforward at one level, yet
there is good reason for
skepticism. The known CO2-
stimulated adenylyl cyclases are
soluble enzymes that occupy one
branch of the adenylyl cyclase
family tree [13]. The other main
branch comprises transmembrane
adenylyl cyclases, the textbook
variety that responds to G-protein
stimulation, and these adenylyl
cyclases are insensitive to CO2.
Fungal adenylyl cyclases are
somewhere in between in terms of
amino acid sequence [13], but
resemble transmembrane adenylyl
cyclases in that they are
associated with the plasma
membrane and respond to G-
protein stimulation [14].
Remarkably, though, the authors
find that the catalytic domains of
C. albicans and C. neoformans
adenylyl cyclases are stimulated
by bicarbonate. These catalyticdomains are functional, because
they are sufficient to promote
hyphal formation when expressed
in C. albicans in place of the
native, intact adenylyl cyclase.
Thus the role of adenylyl cyclase
as a bicarbonate sensor is more
broadly conserved than previously
thought, and encompasses
adenylyl cyclases with otherwise
divergent properties.
Is adenylyl cyclase the sole CO2
sensor in these fungal pathogens?
Perhaps not, as suggested by the
studies of C. neoformans mating.
First, adenylyl cyclase activity
stimulates mating while CO2
inhibits it, so the relationship of
signal and prospective sensor
contradicts the expectation.
Second, recall that two CO2-
sensitive properties of the C.
neoformans mating process, cell
fusion and spore formation,
appear to be under separable
genetic control. Spore formation
may be stimulated by bicarbonate
through effects on adenylyl
cyclase, as described above.
However, in the case of mating, it
seems quite possible that an
additional CO2 sensor has yet to
be discovered.
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